Background: Salbutamol is a short acting beta-2 mimetic commonly used among intensive care unit patients. There are data suggesting that his mechanism of action can be a potential factor triggering arrhythmias. The aim of this study was to assess whether nebulized salbutamol causes systemic effects resulting in electrocardiographic alterations associated with atrial fibrillation occurrence in mechanically ventilated patients. Methods: 50 individuals were randomly allocated to receive either 2.5 or 5 mg of nebulized salbutamol for 20 minutes. 60 minutes prior to the start of nebulization, 12 lead surface electrocardiogram has been recorded. Electrocardiographic parameters associated with atrial activity -P wave and PR interval, and their derivates: P wave dispersion and PR interval dispersion were analysed. Results: Both doses of inhaled salbutamol caused changes of P wave indices -maximal, minimal and mean P wave duration, from simultaneously recorded leads, and concomitant decrease of P wave dispersion. Prolongation of P wave affected predominantly minimal P wave duration (11.93 ms [95% CI: 8.69-15.17]) comparing with maximal P wave duration (2.61 [95% CI: 021-5.43]). Atrio-ventricular conduction -PR interval was also prolonged, however minimal PR interval duration from simultaneously recorded leads was shortened in group receiving 5 mg of salbutamol. Conclusions: Nebulized salbutamol in ICU patient possess systemic effects which causes changes in P wave indices in surface ECG recordings. This electrophysiological influence may be associated with the increased risk of atrial fibrillation among this group of patients.
increased mortality among critically ill [8] ; however, there are studies suggesting that AF is rather a marker of disease severity without major impact on mortality [9] .
It is also known that drugs can be a triggering factor for AF by means of mechanisms like sympathetic or parasympathetic stimulation, direct cardiotoxicity, alterations in cardiac conduction, refraction and atrial automaticity, induction of myocardial ischaemia or by causing electrolyte abnormalities [10] . Sparse data are known about this mechanism of triggering arrhythmias among ICU patients despite the fact that polypharmacy is common among hospitalized patients [11] .
One of the drugs commonly used in the ICU is a short acting beta-2 mimetic salbutamol. There are data suggesting that his mechanism of action -stimulation of beta-2 adrenergic receptors which are also present on myocardial cells can be a potential factor triggering arrhythmias. The importance of this fact is stressed by the observation that inhalational administration of this drug, which should theoretically reduce its systemic effects [12] , is associated electrophysiological influence on myocardial cells [13] . Data about clinical significance of this finding are conflicting stating that beta mimetics can increase the risk of cardiac morbidity among patients with chronic obstructive pulmonary disease [14] as well as that there is no influence of bronchodilatory treatment among critically ill on heart rate (HR) and incidence of arrhythmias [15] . It is also noticeable that most of the studies about this topic do not cover the ICU population. Therefore, the aim of this study was to verify whether nebulised salbutamol causes systemic beta-2 adrenergic receptors stimulation, which manifests through changes in P wave indices of the surface ECG recordings, that may be associated with atrial fibrillation occurrence among mechanically ventilated ICU patients.
Methods
The study was approved by the Independent Bioethics Committee for Research Studies at the Medical University of Gdansk. Because all participants of the study were unconscious mechanically ventilated patients and salbutamol nebulisation was a therapeutic intervention based directly on patient's medical condition the conductors of the study were allowed by the Independent Bioethics Committee for Research Studies at the Medical University of Gdańsk not to obtain written, informed consent. 50 people were recruited for this randomized double-blind study trial (registered at ClinicalTrials.gov, Trial Registry Number NCT01714401). The main criterion for inclusion was the presence of clinical features of bronchospasm that required administration of nebulised short acting beta-2 mimetic. All participants were above 18 years of age. Those with persistent atrial fibrillation were excluded from the study, as well as those with history of ventricular tachyarrhythmia (ventricular fibrillation, ventricular tachycardia torsade de pointes). In the pre-study assessment all patients were investigated for the presence of electrolytic imbalances (serum magnesium <0.7 mmol L −1 , ionized calcium < 1.1 mmol L −1 , serum potassium < 3.5 mmol L −1 ). If any of the serum electrolyte levels was incorrect its normalization after appropriate treatment was verified by another measurement. Patients with persisting electrolytic imbalances were excluded from the study.
All patients were randomly allocated into two equal groups: a group that was to receive the dose of 2.5 mg of nebulised salbutamol (S 2.5 group, n = 25), the most effective dose for mechanically ventilated patients [1], and a group that was to receive the dose of 5 mg of nebulised salbutamol (S 5 group, n = 25), the highest single dose according to the product characteristics (available at http://www. http:// www.ca.gsk.com/). A randomization scheme was generated using the generator of Wichmann & Hill, as modified by McLeod (available at http://www.randomization.com).
All patients qualified for the study were assessed according to the APACHE II severity score classification system (available at http://www.sfar.org).
15 minutes before salbutamol administration 12-lead Holter system, Mortara H12+, with the sampling frequency of 1000 s -1 , by Mortara Instruments (Milwaukee, USA) were placed and recording commenced. During the conduction of the study routine monitoring for the ICU including ECG, pulse oximetry and invasive arterial blood pressure was continued in order to detect any possible disturbances caused by chronotropic and arrhythmogenic effect of salbutamol. 15 minutes after initiation of Holter system, ECG signals were checked for the quality of recording. After confirmation of the recording second stage of the study was initiated. Salbutamol (2.5 mg or 5 mg) was administered by the membrane nebulizer Aeroneb pro (Aerogen, Galway, Ireland) attached to the Hamilton G5 ventilator (Hamilton Medical AG, Bonaduz, Switzerland). Nebulizer was filled with previously prepared salbutamol solution constituted from appropriate amount of Ventolin 2 mg mL -1 (GlaxoSmthKline, Great Britain) filled to the volume of 4 mL by 0,9% NaCl from the syringe marked with the randomization number. Both the staff members, who administered salbutamol, and patients were blinded to the dose administered. The staff member who prepared the solution and knew its composition was permanently and directly available by phone but did not participate during any stage of the study.
Duration of nebulisation was set for 20 minutes according to information about the size of aerosol particles generated by its specification and data about correlation between nebulization time and appropriate nebulization [16] . Holter ECG data were recorded for 60 minutes from initiation of nebuliser.
The acquired Holter ECG data were analysed at 10 time points: before salbutamol administration ("0") and 5, 10, 15, 20, 25, 30, 40 , 50 and 60 minutes following initiation of nebulisation. All ECG parameters' values were read after a 4-fold magnification of the waveform on a monitor with 1920 × 1080 reso- In the study two groups of ECG parameters were analysed. The first consisting parameters describing P wave: maximal (Pmax), minimal (Pmin) and mean (Pmean) P wave duration from 12 lead ECG recording at a given time point; P wave dispersion (PWD) -the difference between the longest and the shortest P wave duration from 12 lead ECG recording at a given time point. The second group were ECG parameters describing PR interval: maximal (PRmax), minimal (PRmin) PR interval duration from 12 lead ECG recording at a given time point and PR interval dispersion (PRD) -the difference between the longest and the shortest PR interval duration from 12 lead ECG recording at a given time point. Heart rate (HR) per minute from all time points was also analysed as this parameter can describe sympathomimetic effect of the drug.
A minimal sample size of 18 persons per group was calculated assuming an α level = 0.05 and a β level = 0.90 for the detection of a mean difference of 11 ms considering standard deviation of P wave in population as 10 ms [15] . In case of possible dropouts, 25 individuals were analysed per group. All data are presented as the mean values (95% CI) or n (proportion). Statistical analysis was performed by using STATISTICA 10.0 PL software (Polish version) (StatSoft, Tulsa, OK, USA). A normal distribution of continuous data was verified with the Shapiro-Wilk's test. Inter and intra group comparisons were performed using two-sided ANOVA tests for repeated measurements after the homogeneity of variance was verified using Levene's test. Subsequent analysis of significant differences was performed using a post hoc method (Tukey HSD test) if appropriate or chi-squared test (with the Yates correction if necessary). P < 0.05 was adopted as significant.
Results
A CONSORT diagram depicting patients allocation is shown in Figure 1 . Fifty ICU patients undergoing mechanical ventilation were enrolled for this study and were randomly assigned into the two treatment groups. Twenty-five were allocated to the S 2.5 group and the S 5 group, respectively. All recruited patients completed the study.
Demographic data of patients from both study groups are presented in Table 1 . The underlying cause of ICU admission for all enrolled patients was: pulmonary cause -42%, trauma -20%, cardiac cause -14%, surgical cause 10%, neurological cause 8% and sepsis 6%. Ionized calcium (mmol L −1 ) 1.14 (1.12-1.16) 1.14 (1.12-1.18) Figure 2 . Mean and 95% CIs of heart rate per minute (HR) during consecutive time points. "0", "5", "10", "15", "20", "25", "30", "40", "50", "60 refer to the time in minutes from the nebulization' s beginning.*P < 0.05 compared with the Initial value in the S 2.5 group; & P < 0.05 compared with the Initial value in the S 5 group Figure 3 . Mean and 95% CIs of (A) maximal P wave duration (Pmax), (B) minimal P wave duration (Pmin), (C) mean P wave duration (Pmean), and (D) maximum P wave dispersion (PWD) during consecutive time points. "0","5", "10", "15", "20", "25", "30", "40", "50", "60 refer to the time in minutes from the nebulization's beginning. & P < 0.05 compared with the values from initial time points in the S 5 group; *P < 0.05 in the S 2.5 group Changes in heart rate (HR) per minute are shown in Figure 2 . There was a significant increase in HR during the study in both groups. There were no intergroup differences. Figures 3(A), 3 (B) and 3(C) present changes in the Pmax, Pmin and Pmean in the study groups respectively. There were no intergroup differences in Pmax duration; however, statistical analysis revealed significant intra group Pmax prolongation in the 40 th minute of the study comparing with 10 th , 15 th and 20 th minute of nebulization in the S 5 group. No intergroup differences in Pmin duration were found; however, in statistical analysis Pmin prolongation between the initial value comparing with several subsequent measurements were detected in both groups. Statistical analysis revealed Pmean prolongation in both groups.
There were no intergroup differences, but statistical analysis revealed significant PWD reduction between the initial PWD value and subsequent values obtained in both groups as illustrated on Figure 3 (D) .
Figures 4 and 5 present changes in the PRmax, PRmin and PRD in the study groups respectively. There were no intergroup differences in PRmax duration, however statistical analysis revealed significant intra group PRmax prolongation between the initial and subsequent measurements in both study groups. No intergroup differences in PRmin duration were found; however, in statistical analysis Figure 5 . Mean and 95% CIs of PR dispersion (PRD) during consecutive time points. "0","5", "10", "15", "20", "25", "30", "40", "50", "60 refer to the time in minutes from the nebulization's beginning. *P < 0.05 compared with the Initial value in the S 2.5 group Figure 4 . Mean and 95% CIs of (A) maximal PR interval duration (PRmax) (B) and minimal PR interval duration (PRmin) during consecutive time points. "0","5", "10", "15", "20", "25", "30", "40", "50", "60 refer to the time in minutes from the nebulization's beginning. *P < 0.05 compared with the Initial value in the S 2.5 group; & P < 0.05 compared with the Initial value in the S 5 group PRmin shortening between the initial value and subsequent measurements in the S 5 group was detected. There were no intergroup differences in PRD, but statistical analysis revealed significant PRD reduction between the initial PRD value and the value obtained in 40 th and 60 th minute of the study in the S 2,5 group.
discussion
The main finding of our study was that nebulized salbutamol in clinically used doses poses systemic effect in mechanically ventilated critically ill despite the fact that inhalational route of administration should cause this effect neglectable. Clinically it can be observed as an increase in HR which was registered throughout whole study. This effect caused by sympathetic stimulation can be an important factor triggering AF in an ICU population [17] .
Apart from the previous observation nebulized salbutamol causes changes in the morphology of surface ECG recordings associated with atrial activity -P wave. From the previous studies it is known that those ECG indices are not only the effect of different projections of the P wave vector which are caused by different angles between the vector and the lead axis [18] but can differ in length between the simultaneously registered leads because of the microarchitecture and the anisotropic properties of atrial myocardium [19, 20] . Changes in P wave indices are associated with supraventricular arrhythmias like AF [21] although they have a limited contribution toward predictive risk beyond traditional risk factors and markers [22] . In our study, nebulized salbutamol lead to prolongation of all parameters describing P vawe-Pmax, P min, Pmean. Studies like Mangani et al. [23] and Gonna et al. [24] suggest that P wave prolongation increase the risk of AF. What seems worth noticing is that increase in Pmin duration (11.93 The observation that may be considered as conflicting or difficult in interpretation, comparing with data published by other authors, is that salbutamol caused PWD decrease throughout the study course [25] . PWD calculated from simultaneously obtained Pmax and Pmin can be increased as an effect of sympathetic stimulation which leads to changes in intra-atrial conduction [26] . This fact suggests that after administration of beta 2 mimetics PWD should increase; however, there is lack of scientific data confirming this hypothesis. PWD increase, especially above 40 s3, as it is known from other trials, is a factor that may be associated with the risk of AF occurrence [26] and medical interventions [27] [28] [29] and administered drugs [30] can have influence on this parameter. The study by Mangani et al. [24] however, which assessed the Framingham Heart Study population failed to detect any significant correlation between PWD and AF. In our study salbutamol administered in ICU patients lead to PWD decrease through its course which can be partially explained by, as mentioned before, predominant increase in Pmin duration. It is also crucial that most trials asses the influence of different interventions on PWD in long term observations, not the immediate effect like in our study. This would suggest low predictive value of PWD in the population of critically ill.
The second group of surface ECG parameters examined in the study describe the PR interval and provide information about atrio-ventricular conduction. Analyses of huge populations performed by Cheng et al. [31] and Magnani et al. [32] have showed that PR interval prolongation is strongly correlated with the occurrence of AF. In our study, nebulized salbutamol caused PRmax prolongation which may confirm its AF triggering properties. The data obtained from other PR indices are however difficult to interpret as PRmin duration and PRD value were unaffected or decreased depending on the salbutamol dose. It is important to mention that the value of those two PR indices and their association with arrhythmogenicity have not been examined yet. Also, the data about factors and drugs causing alterations in those two parameters describing atrio-ventricular conduction are sparse.
In conclusion, nebulized salbutamol used in mechanically ventilated ICU patients induced prolongation of atrial depolarization and atrio-ventricular conduction which manifested as prolongation of the P wave and PR interval in the surface 12 lead ECG recording. This effect does not seem to be dose dependent as there were no intragroup differences between two administered doses. As there are convincing evidence from other trials that prolongation of those two indices is associated with episodes of AF this finding allowed us to conclude that salbutamol possess pro-arythmogenic properties which may be responsible for triggering atrial fibrillation in this group of patients. As episodes of AF among ICU patents have multifactorial origin further studies are required to assess the clinical significance of those findings.
